The gene encoding the glycine oxidase from Bacillus subtilis strain R5 (goxR) was cloned and expressed in Escherichia coli. The gene consisted of 1,110 nucleotides that encoded a protein (GoxR) of 369 amino acid residues with a molecular mass of 40,761 Da. The GoxR exhibited 98.6% identity with glycine oxidase from B. subtilis strain 168. Gene expression and purification of the recombinant GoxR were performed. The recombinant GoxR existed in a homotetramer form. The recombinant protein effectively catalyzed the oxidation of glycine and D-alanine. The specific activity of the purified recombinant GoxR was 0.96 U/mg when glycine was used as a substrate and 1.0 U/mg when D-alanine was substrate. The enzyme displayed its highest activity at pH 8.0 and at a temperature of 50 • C. The activation energy of the reaction catalyzed by the enzyme was calculated to be 26 kJ/mol. The enzyme activity was significantly inhibited in the presence of organic solvents. No enhancement of enzyme activity was observed in the presence of metal cations. The experimental results presented in this study demonstrate that the enzyme was a bonafide glycine oxidase.
Introduction
Glycine oxidase [GO; glycine:oxygen oxidoreductase (deaminating); EC 1.4.3.19] is a novel flavoenzyme that was discovered in 1997 after the complete sequencing of the Bacillus subtilis genome (Kunst et al. 1997) . It catalyzes the following reaction:
In addition to glycine the enzyme is capable to utilize other primary and secondary amines, such as sarcosine, N-ethylglycine, etc. as well as neutral d-amino acids, such as d-alanine, d-proline, etc. as substrates to give the corresponding α-keto acids, ammonia, and hydrogen peroxide (Nishiya & Imanaka 1998; Mörtl et al. 2004) . Interestingly, GO has been proposed to be a component of the thiamin pyrophosphate biosynthesis pathway in B. subtilis (Settembre et al. 2003) . GO is also the subject of particular interest because it can be used for an in vitro assay to detect and modulate the level of glycine or d-serine in the proximity of N-methyld-aspartic acid receptors in human brain (Mörtl et al. 2004) . Industrial interest in the discovery of amino-acid oxidase activities with new and wider substrate specificity is increasing .
We have isolated Bacillus subtilis strain R5 from an oily material in Japan, which produces several extracellular enzymes and is involved in the biodegradation of greasy material (Rashid et al. 2008; Jalal et al. 2009 ). We were interested in the mechanisms for FADcontaining oxidases that involve either the intermediacy of a FADH 2 -imino acid complex or an amino acid covalently linked to FAD and we have argued, by using the GO from B. subtilis strain R5 (GoxR), that a mechanism involving the FADH 2 -imino acid complex can be dissected to explain some of the puzzling observations satisfactorily (Jamil et al. 2010 ).
In the present study we report on the cloning and biochemical characterization of the GoxR.
Material and methods

DNA manipulation
Genomic DNA and plasmid DNA were isolated by using Fermentas Genomic and Plasmid DNA isolation kits, respectively (Fermentas, MD, USA). DNA polymerase and restriction enzymes were purchased from Fermentas. Each 2 F. Jamil et al. enzyme was used according to the instructions of the manufacturer. DNA ligation kit (Fermentas) was employed for joining DNA fragments. DNA fragments from agarose gels were recovered by using DNA purification kit (Fermentas). Transformations were carried out using calcium chloride method (Sambrook et al. 1989 ). DNA sequencing was performed using DTCS quick start master mix kit and a Beckman-Coulter CEQ 8000 Genetic Analysis System (Beckman Coulter, Inc., Fullerton, CA, USA). Open reading frame search and molecular mass calculations were performed using DNASIS software (Hitachi Software, Yokohama, Japan). Multiple alignment and phylogenetic analysis were performed using the ClustalW program (Thompson et al. 1994) provided by DNA Data Bank of Japan (DDBJ). Search for orthologue genes in various genomes was performed with CMR BLAST at http://tigrblast.tigr.org/cmrblast/.
Cloning of glycine oxidase gene
The following set of two oligonucleotide primers was used for amplification of the glycine oxidase gene from B. subtilis strain R5 (goxR) by PCR. The forward primer, 5'-GCGCCATGGAAAGGCATTATGAAGCAGTGG-3', was designed on the basis of the N-terminal amino acid sequence of GO from Bacillus subtilis strain 168. A unique NcoI restriction enzyme site (shown in bold) was introduced at the start of the gene in order to clone the gene in the expression vector. The reverse primer, 5'-CGTCTTTACCGTTCAGCTGTAGCATC-3', was designed on the basis of the C-terminal amino acid sequence. The goxR gene was amplified by PCR that was performed using Taq DNA polymerase (Fermentas) as follows: 3 min at 95 • C; 30 s at 95 • C, 30 s at 55 • C, 30 s at 72 • C (30 cycles). The PCR amplified DNA fragment was inserted into pTZ57R/T cloning vector (Fermentas) and the resulting recombinant plasmid was named pTZ-goxR.
Prediction of secondary structure and three-dimensional structure modeling The three-dimensional model of GoxR was constructed on the basis of standard homology modeling protocols. Homology with the different sequences, whose three-dimensional structures were available in the Protein Data Bank (http:// www.pdb.org/pdb/home/home.do), was found. Crystal structure of GO from Bacillus subtilis strain 168 was used as the template. Both the sequences were aligned and the alignment was submitted to the Swiss Model Server (http://swissmodel.expasy.org/). The result model was evaluated in the Swiss Model Viewer V. 3.5 (SP5). Amino acid constraints and clashes were removed. The protein model was examined and evaluated using Verify 3D server (Kopp & Schwede 2004; Arnold et al. 2006) .
Expression of goxR gene in E. coli
After confirming the sequence of goxR, the NcoI-HindIII restriction fragment was inserted into the pET-28a expression vector at the corresponding sites. The resulting plasmid, pET-goxR, was used to transform E. coli strain BL21(DE3)CodonPlus-RIL. Cells of E.coli strain BL21(DE3)CodonPlus-RIL carrying pET-goxR plasmid were grown overnight at 37 • C in LB medium containing kanamycin (50 µg/mL). The culture was inoculated (1%) into fresh LB medium (1 L) containing kanamycin (50 µg/mL) and the cultivation was continued until OD660 reached 0.5. Heterologous expression of goxR was induced by the addition of 0.05 mM isopropyl-β-Dthiogalactopyranoside (IPTG) and the incubation continued for another 5 h at 37 • C.
Purification of recombinant GoxR
Cells after 5 h of IPTG induction were harvested by centrifugation at 6,000×g for 10 min at 4 • C and washed with 50 mM Tris-HCl (pH 8.0). The cell pellet was re-suspended in the same buffer, and the cells were disrupted by sonication on ice. Soluble and insoluble fractions were separated by centrifugation (14,000×g for 30 min at 4 • C). The proteins in the soluble fraction were precipitated with 70% ammonium sulfate on ice. The precipitates were dissolved in 50 mM Tris-HCl (pH 8.0) and dialyzed against the same buffer. All purification steps were performed at room temperature with commercially available columns (GE Healthcare, Buckinghamshire, UK) unless mentioned otherwise. The dialyzed sample was loaded onto an anion-exchange column (Resource Q) which was equilibrated with 50 mM Tris-HCl buffer pH 8.0. Proteins were eluted with a linear gradient of 0 to 1.0 M sodium chloride in 50 mM Tris-HCl buffer pH 8.0.
Fractions with GO activity were pooled and dialyzed against 40 mM Tris-HCl buffer (pH 8.0) containing 1.5 M ammonium sulfate and applied to a hydrophobic column (Resource ISO) equilibrated with 50 mM Tris-HCl buffer (pH 8.0) containing 1.5 M ammonium sulfate. The bound proteins were eluted with a linear gradient of 1.5 to 0 M ammonium sulfate in 50 mM Tris-HCl buffer (pH 8.0).
Protein determination
The concentration of proteins in a solution was determined by Bradford method (Bradford 1976 ) with the Bio-Rad protein assay reagent (Bio-Rad Laboratories, Hercules, CA, USA) using bovine serum albumin as a standard. The standard curve was plotted using 1 to 15 µg of the albumin in 1 mL of Bio-Rad protein assay reagent. The incubations were made at room temperature for 10 min and the absorbance was measured at 595 nm.
Electrophoretic analyses DNA samples were analyzed by 1% agarose gel electrophoresis followed by staining with ethidium bromide and visualizing under short wave UV light. Protein samples were analyzed by polyacrylamide gel electrophoresis (PAGE) in the presence of 0.1% sodium dodecyl sulfate (SDS) followed by staining with Coomassie Brilliant Blue (CBB).
Molecular mass determination
Molecular mass of the recombinant protein was analyzed by matrix-assisted laser desorption-ionization/time-of-flight mass spectrometry (MALDI-TOF MS). The purified enzyme was desalted by Sephadex G-25 column (GE Healthcare). One µL of the salt free protein (2.5 µg/µL) was mixed with 10 µL of 3,5-dimethoxy-4-hydroxycinnamic acid (10 mg/mL prepared in 0.1% trifluoroacetic acid in acetonitrile and 0.1% trifluoroacetic acid in water, at a ratio 1:2), and 1 µL applied to target plate of Voyager-DE PRO (Applied Biosystems, Foster City, CA, USA). The sample was allowed to dry at room temperature for 15-25 min. Spectrum was obtained by striking 200 shots in an acquisition mass range of 20-80 kDa. Final spectrum was subjected to smoothing, baseline subtraction and centroiding.
Molecular mass of the purified protein was also estimated by gel filtration on a Superdex 200 HR 10/30 column (GE Healthcare). The molecular-mass markers used were ferritin (440 kDa), lactate dehydrogenase (140 kDa), human serum albumin (69 kDa), xylanase (38 kDa) and myoglobin (16 kDa). The molecular mass of the native GO was obtained by plotting a standard curve between the molecular mass and the retention volume.
Enzyme assay and characterization
The enzyme activity was assayed by measuring hydrogen peroxide produced during the oxidation of the substrate. The 4-aminoantipyrine peroxidase system (Inouye et al. 1987) was used for the enzyme assay. The assay mixture contained 10 mM glycine, D-alanine, or one of the other substrates, 1 mM 4-aminoantipyrine, 2.0 mM phenol, 5 U/mL horseradish peroxidase, and 50 mM Tris-HCl (pH 8.0). The appearance of quinoneimine dye formed by coupling with 4-aminoantipyrine, phenol, and horseradish peroxidase was measured at 505 nm by spectrophotometry. One unit of activity was defined as the formation of 1 mmol of hydrogen peroxide (0.5 mmol of quinoneimine dye) per minute at 37 • C and pH 8.0. Reaction mixtures containing several concentrations of substrate solution were used to determine the Km and Vmax values.
Effect of temperature, pH and organic solvents on the enzyme activity
To determine the effect of temperature on the enzyme activity of GoxR, the enzyme assay was carried out by running the standard assay at various temperatures ranging from 20 • C to 60 • C.
The effect of pH on the enzyme activity was determined by running the standard assay at 50 • C using 100 mM each of sodium acetate (pH 4.0-6.0), sodium phosphate (pH 6.0-8.0) and Tris-HCl buffer (pH 7.0-9.5).
The effects of the organic solvents on the enzyme stability were examined by measuring the remaining activity after incubation the enzyme at room temperature for 20 min with 30% (final concentration) of the organic solvents.
Metal ion requirement and substrate specificity
To determine the metal ion requirements, the enzyme solution was dialyzed in the presence of 10 mM EDTA and then passed through PD-10 desalting column (GE Healthcare) in order to remove the metal ions and EDTA. The effect of various divalent metal ions on the enzyme activity was examined by adding 0.1 mM of MgCl2, CaCl2, ZnCl2, NiCl2, CoCl2, CuCl2, or MnCl2 in the assay mixture. The assay was performed as describe above. Various substrates including glycine, D-alanine and L-alanine were examined for GOXR activity. The assay was performed as described above.
Nucleotide sequence accession number
The goxR gene sequence reported in this paper has been deposited with the DDBJ/EMBL/GenBank nucleotide sequence databases under the accession number AB571649.
Results and discussion
Cloning and structural analysis of goxR Genomic DNA of B. subtilis strain R5 was used as template to amplify the gene encoding GoxR by PCR using the oligonucleotide primers derived from the sequence of B. subtilis strain 168. Analysis of the PCR product by agarose gel electrophoresis revealed the amplification of 1.1 kbp DNA fragment matching the size of goxR (data not shown). The PCR amplified DNA fragment was purified from the gel, inserted in pTZ57R/T vector and E. coli DH5α cells were transformed using this recombinant plasmid. In order to analyze whether the recombinant plasmid contained the PCR amplified DNA fragment, the recombinant plasmid was digested with EcoRI and HindIII. The digestion resulted in the liberation of 1.1 kbp DNA fragment from the vector indicating that the recombinant plasmid contained the required insert (data not shown). Complete nucleotide sequence of the insert was determined in both strands and there was no discrepancy in both the sequences. The sequence of goxR demonstrated that it consisted of 1,110 nucleotides that encoded a protein of 369 amino acid residues with a deduced molecular mass of 40,761 Da and an isoelectric point of 5.8. The gene sequence was 98.9% identical to that of B. subtilis strain 168 (Acc. No. NC 000964).
The nucleotides A, T, T, A, A, T, A, G, A, T, T and T at positions 4, 198, 207, 431, 468, 554, 759, 661, 805, 831, 906 and 975 (strain 168 numbering) were replaced by G, C, C, G, G, C, C, A, G, C, G and G, respectively in goxR sequence. Almost all the replacements are from AT (in strain 168) to GC (in strain R5) except for G661 to A661. This indicated that the strain R5 may have higher GC contents compared to the strain 168. B. subtilis strain 168 has been reported to have a high AT content (43% GC) (Harwood & Wipat, 1996) . When we analyzed the goxR sequence, we found a higher GC content (49.37%) compared to strain 168. Seven of the above replacements (positions 198, 207, 468, 759, 831, 906 and 975) did not have any effect on the encoded amino acids. The replacement of A at position 431 by G resulted in replacement of aspartate by glycine. Aspartate is an acidic amino acid with a polar side chain, whereas the simplest amino acid glycine is neutral with only hydrogen atoms as its side chain. The replacement of T by C at position 554 resulted in the replacement of phenylalanine by serine. Although both are neutral amino acids, serine has uncharged polar side chain with aliphatic hydroxyl group, which make it hydrophilic in nature. Phenylalanine is an aromatic amino acid with a benzyl side chain, which makes it hydrophobic in nature. The change of G to A at position 761 resulted in the replacement of arginine by lysine. Both are polar amino acids with positive charge at the side chain. The replacement of A to G at position 805 resulted in the change of threonine to alanine. Alanine is a non-polar neutral amino acid with methyl group as its side chain, whereas threonine has uncharged polar side chain with aliphatic hydroxyl group, which makes it hydrophilic in nature.
These replacements were expected to have an effect on the secondary and tertiary structure of the enzyme. However, when the secondary structure of GoxR was compared with the GO from B. subtilis strain 168 using standard homology modeling protocols, no significant difference could be observed (data not shown). The secondary structure topology consisted of 14 αhelices and 17 β-strands. The position of the residues that initiate and terminate the secondary structure elements is almost the same as those in GO from the strain 168. GO is a two-domain protein, which consists of a FAD-binding domain and a substrate-binding domain (Mörtl et al. 2004 ); these two domains are completely conserved in GoxR. Highest homology at the amino acid level was found with strains 168 (98.6%) and CU1065 (97.8%) of B. subtilis (Table 1 ). The amino acid residues comprising the active site of GO from the strain 168 (Boselli et al. 2007 ) were completely conserved in GoxR. The amino acid contents of GoxR are shown in Table 2 . The most frequent amino acids found in GoxR were alanine (36), glycine (36), lysine (32) and valine (26). These are non-polar neutral amino acids and are expected to have less contribution in the tertiary and quaternary structures of the protein. There are four cysteine residues indicating that the protein may make two disulfide bridges.
Production and purification of GoxR Induction with 0.5 mM IPTG at 37 • C resulted in the expression of goxR in E. coli. Disruption of the cells and analysis of the cell lysate revealed that GoxR was produced in insoluble form. We then tried the production of GoxR in E. coli by shifting the cells at low temperature (22 • C) after induction with 0.5 mM IPTG and incubating them overnight. The recombinant GoxR was still produced in the insoluble form. When we reduced the dose of IPTG to 0.05 mM, a fair amount of GoxR was produced in the soluble form even at 37 • C. The recom- binant GoxR in the soluble fraction was precipitated with 70% ammonium sulfate. Purification of the recombinant enzyme was achieved by anion exchange and hydrophobic interaction column chromatographies. Anion exchange column chromatography removed nucleic acids as well as certain proteins, and the hydrophobic interaction column chromatography provided the purified recombinant protein. An overall 33% yield was obtained with a 67-fold purification ( Table 3 ). The purified enzyme showed a single band on 12% SDS-PAGE (Fig. 1) with a molecular weight of 40 kDa, which is in fair agreement with the molecular weight calculated from amino acid sequence (40,761 Da). Analysis of the recombinant GoxR by MALDI-TOF MS showed that the molecular weight of the purified recombinant enzyme was 40,760±1 Da (data not shown), which perfectly matches the mass (40,761 Da) calculated from the amino acid sequence confirming that we had obtained purified GO.
When the subunit composition of the purified enzyme was investigated by gel filtration chromatography, GoxR eluted at a retention volume of 12.3 mL corresponding to a molecular mass of 160 kDa (Fig. 2) . Taking into account the molecular mass of the subunit (40 kDa) it was estimated that the enzyme exists in a homotetrameric form similar to GO from B.subtilis strain 168 and Geobacillus kaustophilus HTA426 . 
Enzymatic characteristics
Properties of the purified recombinant GoxR were investigated using glycine as a substrate. To characterize the recombinant enzyme the effects of pH, temperature and metal ions on the enzymatic activity were evaluated. From the pH profile ( Fig. 3) we can see that under the assay conditions used in our study, the enzyme exhibited its highest activity at pH 8.0 with more than 50% activity retained between pH 7.5 and 8.5. The enzyme activity decreased sharply below pH 7.0 and above pH 9.0. There was a negligible amount of activity at pH below 5.0 and above 10.0. There are conflicting reports on the pH optima of the GO from B. subtilis strain 168, i.e. the closest homologue of GoxR. High- est activity of the enzyme has been reported at pH 8.0 (Nishiya & Imanaka 1998 ) similar to our results. A recent report describes the highest enzyme activity at pH 9.5-10 (Pedotti et al. 2009 ). Another GO characterized from Geobacillus kaustophilus (GOXK) demonstrated maximum activity at pH 8.5 . The effect of temperature on enzyme activity at pH 8.0 is shown in Fig. 4a . Highest activity was observed at 50 • C. The enzyme exhibited almost 80% of its activity at temperatures 40 and 55 • C. The activity sharply decreased above 55 • C. An Arrhenius plot was constructed and is shown in Figure 4b . There was a linear increase in enzyme activity from 20 to 50 • C. The activation energy was calculated and it came out to be 26 kJ/mol. GO from B. subtilis strain 168 also exhibited highest activity at 45 • C (Nishiya & Imanaka 1998) . However, an increase in enzyme activity with no evidence of any plateau or decrease up to 60 • C has also been shown for the GO from the same source with and without Histag at the N-terminus . The amino acid sequence of the GO from B. subtilis strain 168 differs at five places compared to the sequence of GoxR. However, there was no significant difference in the enzymatic properties of both proteins. No data are available in the literature on the activation energy of a reaction catalyzed by GO.
The effect of divalent metal cations on the enzyme activity revealed that the activity was not dependent on the metal ions. No enhancement of enzyme activity could be observed with the addition of metal cations (data not shown). Rather there was a sharp decrease in activity when Zn 2+ or Co 2+ were added to the reac- tion mixture at a final concentration of 1 mM. A slight precipitation was observed in the reaction mixture containing Zn 2+ or Co 2+ . The decrease in activity might be the result of the precipitation of the enzyme.
Effects of organic solvents on the enzyme stability
The effects of organic solvents on the enzyme stability were examined by measuring the enzyme activity at 50 • C. The organic solvents used were diethyl ether, methanol, acetone, ethyl acetate, N,N-dimethyl formamide and acetonitrile. The enzyme was resistant to these organic solvents to varying degrees with maintenance of 73%, 54%, 22%, 19% and 17% of the enzyme activity after incubation for 30 min with diethyl ether, methanol, acetone, ethyl acetate and N,N-dimethyl formamide, respectively (Fig. 5) . No activity could be observed when the enzyme was incubated in the presence of acetonitrile. The activity of the control experiment which contained no additional organic solvent was considered as 100%. Unfortunately no data in literature are available on the effect of organic solvents on stability of GO for comparison.
Kinetic parameters
The kinetic parameters of the enzyme with glycine and alanine were determined at 50 • C and pH 8.0 by plotting initial velocities towards various substrate concentrations. The enzyme exhibited Michaelis-Menten behavior. The kinetic constants were calculated using Lineweaver-Burk plot. The V max and K m values for the enzyme activity towards glycine were 0.96 µmol min −1 mg −1 and 0.37 mM, respectively. Almost equivalent amount of enzyme activity (1.0 µmol min −1 mg −1 ) was observed when d-alanine was used as the substrate, whereas no activity could be detected when Lalanine was used. Although the specific activity was comparable when glycine or d-alanine was used as substrate, the enzyme showed lower affinity towards dalanine with a K m value of 266 mM compared 0.37 mM with glycine. Various studies have reported various K m values for GO from B. subtilis when glycine was used as substrate. These values are 0.99 mM (Nishiya & Imanaka 1998 ), 0.56 mM (Martínez-Martínez et al. 2006 ), 0.7 mM (Boselli et al. 2007 ), 0.6 mM . Similarly the K m values for this enzyme using d-alanine as the substrate are 81 mM (Nishiya & Imanaka 1998 ), 315 mM (Martínez-Martínez et al. 2006 , 490 mM (Boselli et al. 2007 ), 315 mM (Martínez-Martínez et al. 2007 ). The GO from Geobacillus kaustophilus has been reported to have lower K m values for glycine (0.25 mM) and d-alanine (20 mM) .
The GoxR described in this study exhibited high enzyme activity at a broad temperature range (40 to 55 • C). It was successfully used to study the mechanism involving FADH 2 -imino acid complex (Jamil et al. 2010 ).
